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Exposure of mammalian c ells to solar ultraviolet (UV) 
radiation leads to the expression of several genes. and 
UV has been recognized a s a m ajor initiator and 
promoter of skin cancer. The component of the solar 
radiation that contributes m o st t o human skin malig-
nancy is UVB (280-320 nm) and, to a lesser ex tent, 
UVA (320-400 nm), whereas the high-energy UVC 
(100-280 nm) is absorbed by the ear th's upper atmo-
sphere. Suble thal doses of UVB produce strong in-
duction of c-jmt and c-fos transcripts in several cells 
including human primary keratinocytes. The present 
report confirms that this is also the case in the HaCaT 
cell line and shows that similar UVB dose s are potent 
inducers of the JNKJSAPK family of mitogen- acti-
vated protein kinases but only weak activators of 
ERRs. Epidermal growth factor (EGF) caused rapid 
C hroni c exposure of human skin to ultravio le t (UV) radia tion primarily £i'om sunlight has been sho wn to be th e majo r causative f., ctor in the development of non- melanom a skin cancer. T he incidence of thi s . can cer is rising d ramatically in many parts of the 
world , and it could furtber increase because o f the continuo us 
e rosion of the stra tosph eric ozone laye r. T he earth 's upper atmo-
sphet'e compl etely absorbs h.igh energy UVC (1 00 - 280 nm) solar 
radiation. T he re levant components of the sunli ght to human 
exposure arc th erefo re UVB (280 - 320 nm) and UVA (320- 400 
nm), w h.ich differ in their bio logic effec ts (Tyrrell, 1996) . 
E;\'jJerim ental and epidenuologic studies (Mackie e/ ai, 1987; 
Brash c/ ai , 1991; Torn aletti and Pfeife r, 1996) have sho wn that 
UVB is the m ost carcinogenic £i'actio n in sunlight. In m ouse m odel 
systems, U VB acts as a tumor initiatOl' as well as a tumor promote r 
(Romerdahl e/ ai, 1989). Although th e m o lecular basis of th e 
carcin ogenic effect o f UVB is sti.L1 o bscure, part of this effect is 
medi ated by the abili ty of UVB to damage D N A and induce 
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induction ofbothJNK- and ERR-signaling pathways, 
and the downmodulation of the EGF-signaling path-
way by EGF pre- treatment inhibited the UVB-in-
duced JNKI activation. Prior UVB irradiatio n o f the 
cells decreased the level of the EIU{2 activation by a 
subsequent EGF treatment. but this sensitized the 
cells and allowed for the super- activatio n o f JNKI 
after a rechallenge with either UVB or EGF. The 
antioxidant N-acetylcysteine impaired the UVB- and 
EGF-induced activation of JNK1. Our data suggest 
the presence of shared signaling component(s) in the 
UVB- and EGF-induced cellular response pathways 
and imply that oxidative stress plays a significant role 
in the activation ofJNKl by UVB and EGF. Key words: 
SAPKs/o:ddative stress. ] Invest DeYlllatoi 108:886- 891, 
1997 
mutations. Like the SOS response in bacte"ia (Little and Mount, 
1982), the response of mammalian cells to DNA damage involves 
th e expression of various gen e products implicated i.n DNA repair, 
temporal growth arrest, or apoptosis of damaged cells, processes 
considered to have pro tective o r reparative functions (reviewed by 
Karin and H erdich , 1989). It is becoming clear, however, that the 
complex cellular response induced by UV not on ly involves nuclear 
events tr iggered by D NA dam age, but also affects cytosolic signal-
ing pa thways o riginating at the pl asma membrane (Devat"y e/ ai, 
1992, 1993; R adler-Pohl el ai, 1993; Sachsenmaier et ai , 1994; 
Schievcn et ai, 1994; ~imon e/ ai, 1994). UV induces rapid tyrosine 
phosph orylation of the epidermal gro wtll fa cto r receptor (EGFR) 
(Sachsenmaier e/ ai, 1994; W armuth et ai, 1994; C ofFer et ai, 1995; 
Huang e/ ai, 1996) and Src kinase activation (Devary e/ ai, 1992) . An 
important ro le of the EG FR in coupling the cellu lar response to UV 
has been suggested by the observation that the UV response is 
impaired in cells expressing do minant neglltive EGFR mutants 
(Sachsenmaier el ai , 1994; Huan g e/ ai , 1996). In addition, b ecause 
pre-treatment o f cell s with the antioxidant N -acetylcys te ine (NAC) 
blocked UV- induced EG FR, Src, and N F-KB activation (Devary e/ 
ai, 1992; Sim on e/ ai, 1994; Huang et ai , 1996), it has been suggested 
that oxidative stress plays a sig tuficant ro le in the UV signal 
transduction . 
T wo members o f the mitogen-activated protei.n kinase family 
that bind , phosphory late , and activate the transcrip tion factor c-Jun 
w ere identified as mediators o f the str ess-induced ce ll ular response 
and have been designated as c-Jun N-terminal kinases ONKs) or 
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stress-activated prote in kinases (SAPKs) (Hibi el ai, 1993; Derijard 
et ai, 1994; Kyriakis e/ ai, 1994, 1995) . As in the case oftbe p44/p42 
extracellular signal-related kinase (EIU()l and ERK2 enzym es, the 
activation of the p46/p54 JNK1 and JNK2 kinases requires phos-
phorylation on Thr and Tyr by a distinct three-component protein 
kinase cascade (reviewed by Davis, 1994; Cano and Mahadevan, 
1995). The ERK and JNK pathways can be considered as parallel 
but independent branches of the mitogen-activated protein kinase 
signal transduction, and difl:e r ent stimuli may trigger the ERK and 
JNK pathways. Although the bi o log ic role of ERKs is clearly 
emerging, the specific contribution of the JNK pathway in most 
cellular events is largely unknown. 
The activation of JNK in UV-irradiated cells has led to the 
suggestion that JNKs may be part of the molecular mechanisms by 
which UV ligbt induces skin cancer (Dhanwada el fll, 1995). The 
majority of studies of the VV-induced signaling pathway, however, 
use UVC radiation (254 nm) to stress ce ll s. Since VVC radiation is 
completely absorbed by the ozone layer and is of minor physiologic 
relevance, it is important to re-evaluate sucb studies under condi-
tions that are biologically relevant to human skin. 
Therefore, we set out to investigate the specific contl'ibution of 
ERK and/or JNK activation in signaling events triggered by 
physiolog ically relevant UVB doses in human keratillocytes. As UV 
irradiation has been reported to activate the EGFR, we al so looked 
at the EGF-induced effects. We measured the UVB- and EGF-
induced modifIcation s of the JNK1 and E RK2 activities as well as 
of the expressions of c-jl/I/ and c-fos mRNAs as possible down-
stream events in the signaling cascades. The putative involve m ent 
ofdle EGFR and the role of reactive oxygen species in r e laying tbe 
downstream effects of VVB were examined . 
MATERJALS AND M.ETHODS 
Materials A DNA fragment encoding the first 223 amino acids of the 
c-Jun protein was obtained by PolYll1crasc chain reaction using Blo use c-Jun 
cDNA (Ryseck el ai, 1988) as a template and the following oligonucleotides 
as primers: 5'-CGTGGATCCATGACTGCAAAGATGGAAACGACC-3' 
and 5 ' -ATCGAA TTCTCATCACGGGTGCTGCACCGGGATCTGTTG-
3' . The fragment was cloned bet\veen the BIIIIIHl and EcolU sites of 
pGEX-4T-l expression vector (Pha rmacia Biotech Inc., Piscataway. NJ) 
inframe with the glutathione-S-transferase gene (GST) and transformed into 
tbe XL1-Bluc strain of Esche,;chia coli. The resulting fusion protein (GST-
cJunl- 223) was purified from bacterial Iysates with the aid of glutathione 
Sepbarose beads (Pharmacia) accord ing to the manufacturer's protocol. 
Myelin basic protein. NAC. and microcystin were from Sigma (St. Louis, 
MO), EGF !Tom Boehringer M'lIlnhcim (Indianapolis . IN) , and i"y-·12 p]ATP 
from Amersham (Arlington Heights, IL). Protein-A TSK was obtained from 
Affiland (Liege, Belgium) . Polyclonal peptide antibodies against the C-
terminal sequences of human JNKl (amino acids 370-384; Dcrijard el ai, 
1994) and human ER.K2 (amino acids 349-360: Owaki el ill , 1992) were 
raised in rabbits and purified on affinity colull1ns of their respective 
immobilized peptides. 
Cell Lines and Culture Conditions T he spontaneous ly immortalized 
hwnan keratinocyte cell line HaCaT and primary human keratinocytes 
isolated from normal skin after breast reductions were used throughout till s 
study (Boyce and Ham, 1985). HaCaT cell s were maintained in D ulbecco's 
modified Eagle's medium supplemented with ·10% fetal bovine serum, 2 
mM L-glutamine, and t % penicillin/streptomycin solution lall ce ll cu lnlre 
media and supplements were purchased from G\J3CO-BRL (Gaithersbllfg. 
M.D), unless indicated otherwise]. The primary kcratinocytes were propa-
ga ted ill kcratinocytc sc rurn-ficc 111CdiuITI sUpplCI11c ntcd with 50 ng bovine 
pituitary extract per ml and 5 ng recombinant human EGF (1-51) per ml. 
Both cells were incuba ted in a 37°C humidified air environment containing 
50/0 CO2- Before trcatrl1Cl1ts , sCllliconfiucnt cells in 'ISO-Iunl tissue cu lture 
dishes were washed once with PBS (37°C) and cultllfed for 48 h in 
serum-free Dulbecco's modified Eagle's medium-F12 mix containing 1 % 
penicil lin/streptomycin solution, 3 mM L-glutam.ine. 0.2 mM ethanol-
al1line, 5 J.Lg insulin per m!. 5 J.Lg transferrin per mI. and 5 ng sodium selenite 
per Tnl (HaCaT cells). or in EGF-free keratinocytc serum-free medium 
supplemented with 10 J.Lg bovine pituitary ex tract pcr ml (primar)' kerati-
nocytes). 
Cell Trcatlnents For UV irradiation. a parallel bank of three Philips 
40w/ 12 Auorescent lamps (Mahwah, NJ) that emit predominantly within 
the UYB range (280-320 nm) witll an emission peak at 3 13 nm was used. 
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T he Auence rate at the site of cell irradiation was 0.2 w / m 2 as measured with 
an IL 1700 research radiometer (International Light, Newburyport, M.A). 
Prior to UV"B irradiation, the cu lture I1lCdiuln was rCl110vcd. and ce ll s \,,'ere 
washed twice with PBS (37°C). Cell s were then irradiated under a thin film 
of PBS and the old medium was rep laced. unless stated otherwise. Cells 
were irradiated through the cover of tllC dish . which filters Out the residual 
UYC. In experiments in which EGF was utilized, it was introduced directly 
into the mcdium. All tile drugs used in this study were added to culture 
medium plioI' to treatment for the period of time indicated in the figure 
legends. Following treatment, the drugs were reintroduced into the cultu re 
nlcdia at their original concentrations. 
Preparation of Cell Extracts At the end of the incubation period. the 
1l1cdillnl was rCI110vcd and the ce lls were rinsed hvicc "virh ice-cold PBS and 
once with ice-cold homogelllzation buffer (25 mM HEPES pH 7.5. 0.3 mM 
NaCI, 1.5 mM MgCI2 • 0.5 mM dithiothreitol, 20 mM /3-glycero lphosphate: 
buffer H). Ce ll s were tllen scraped with a rubber policeman into buffer H 
containing 1 mM Na, YO • • 200 nM microcystin. 0.1 % T ri ton XIOO. 1 mM 
phen),lmcthylsulfonylAuoride. 20 J.Lg aprotinin per mI . and 20 J.Lg leu pcp tin 
per ml, homogenized by repeated passage through a 25G needle. and 
centrifuged at tOO.OOO X g for 30 min at 4°C. The resu lting supernatants 
were inl111cdiatcly frozen in Ijquid nitrogen and stored at - 80°C. Protein 
concentrations were estimated with BCA (Pierce. R.ockford. IL). 
Immunoprccipitation and Protein Kinase Assays JNK l immune 
complex kinase assays were performed with slight modifications of previ-
ousl), described methods (KaUunki el al. 1994; Coso el nl. 1995). Cleared ce ll 
Iysates we re normalized for protein concentration (200-250 J.Lg) and 
incubated for 3 hat 4°C in the presence of polyclonal anti-JNK1 antibody. 
Immune complexes were recovered with the aid of protein A-TSK beads. 
T he beads were washed three times with PBS containing 1 % Nonidet P-40 
and 2 mM Na, YO., and twice with kinase reaction buffer (25 mM HEPES. 
pH 7.6. 20 mM MgCI2 , 20 mM /3-glycerolphosphate. 20 mM p-nitrophenyl 
phosphate. 100 J.LM Na,YO •. 2 mM dithiothreitol) . Samples were tI,en 
resuspended in 30 J.Ll of kinase reaction buffer containing 2 J.Lg of GST-
cJ unt-223 protein and 20 J.LM l"y-J2 p]ATP (25,000 cpm/ pmol). After 
incubation for 20 min at 30°C. the reactions were terminated by the 
addition of Lacl1lmli samplc buffer and boiled for 5 min. and the proteins 
were resolved by sodium dodecyl su lfate-polyacrylam ide gel electrophoresis 
(11 % gels). For ERK2 assays, aliquots of cell extract with normali zed 
protein concentration were incubated with anti -ER.K2 antibody for 2 h at 
4°C , and imnlull c c0l11plcxcs were recovered as described above. They 
were tI,en washed once with Tris buffer (20 mM Tris, pH 7.4. I mM 
dith.iothreitol) containing 1 % Triton Xl 00 and twice with the same buffer 
without detergent. Kinase reactions wCre initiated by resuspending the 
bcads in 30 J.Ll ofTris buller con ta ining 50 J.Lg myelin basic protein. 2.5 mM 
MgCl, . and 50 J.LM f"y-32p]ATP (10.000 cpm/ pmol). After incubation for 10 
min at 30°C, ti le reactions were stopped by add.ition of Lacmmli sample 
buffer and analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis as described above. T he incorporation of l·lOp]phosphate was 
visua lized by autoradiography. and the phosphorylated bands were either 
cut out from the gel and the radioactivity quantified by liqllld scintillation 
counting, or scanned for densitometric analysis. 
RESULTS 
UVB Induces c-j"" and c-fos mRNA Expression in HaCaT 
Cells In humans, the epide rmal cells. by virtue of th eir an atom-
ical location, represent the natural targets of UVB radiation. We 
therefore selec ted human keratinocytes as a model system for thi s 
study. T he HaCaT cell line and normal primary keratinocytes, 
w hlch represent a transformed and a normal cell type of epidermal 
origin , r espectively, w e re c hoseD to examine and compare their 
responses to UVB and growth f.1ctors. As a.1ready sh own for the 
keratinocytes (Garmyn and Degreef, 1997) , subletha l UVB doses 
(20 to 40 mJ /cm 2 ) also produced a dramatic increase in the mRNA 
expression of c~illll and c-ji)s in HaCaT cell s (data n ot shown). This 
o'anscriptional effect h as been well documented in many other cell 
lin es (Hibi c/ ai, 1993; Derijard e/ ai, 1994: Minde n ef nl, 1994). 
JNKl and ER.K2 Respond Differently to UVB and EGF 
Although the JNK- and ERK-signa ling pathways are biochemically 
distinct, the activation of both JNKs (Cano 1'1 a/1994; Derijard el nl. 
1994) and ERKs (Radler-Po hl el ai , 1993; Sachsenmaier el ai, 1994) 
in response to stress (UVC) and mitogens (EGF) h as been reported. 
To better e lucidate the involvement of these mitogen-activated 
protein kinase pathways in t h e cellular response to two distinct 
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Figure 1. Differential stimulation ofJNKl and ERK2 by UVB and EGF. Q ui escent HaCaT (a ,b) or NHK (c,d) cells were exposed to 40 111J UVB 
per cm 2 O.r 100 ng EGF pcr ml and incubated for the indicated times. JNK I (a,c) and EIU{2 (b,d) protein kinase activiti es were m easured after 
immunoprecipitation as described in Materials mId Merhods. The fo ld of activation relative to basa l activity present in Ilonirradiated cells is indicated. 
biologically relevant stimuli , we eva luated the e ffect of uvn and 
EGP on the activity ofJNK1 and E1U<2. Figure 1 shows the time 
course ofJNK1 and ERK2 activation by either agen t in HaCaT and 
keratillocytes . Cells were treated with 100 ng EGF per ml or 
exposed to 40 mJ UVB per cm 2 and harvested at various times 
post- treatment. In the HaCaT cells the JNK1 activation occurred 
rapidly afte r uvn irradiation, reaching maximal activation (11-
foid) after 30 min and fo llowed by a progressive decline (Fig la). 
T he decrease ill JNK1 activity, however, never reached control 
levels not even 6 h after irradiation (data not shown). A similar 
pattern ofJNKl activation waS observed using 20 mJ UVB per cm2 
(data not shown) . In contrast, as shown in Fig. lb, UVB was only 
a modest and very transient inducer ofERK2 activity in these cell s, 
with a m aximum 3-fold increase 5 min after irradiation followed by 
an abrupt fall to n ear control levels after 15 min . Treatment of 
HaCaT cells with EGP caused rapid JNK1 and ELU(2 stimulation 
(Fig la,b) . although the EGF-mediated JNKI activation was more 
transient than th e ER K2 activation, which persisted up to 60 mm 
(Fig la,b) . 
In the NHK cell s, the time-dependent stimulation of JNKl and 
ERK2 by UYE and EGP showed some different features. inte rest-
ing ly, whereas the pattern of ERK2 stimulation followed similar 
kinetics in both ce ll s (Fig lb,d) , the level of the EGF-induced 
ERK2 activation was significantly higher in the normal keratino-
cytes (17-fold) than in the transformed cells (6- fold) . Conversely. 
altho ugh JNK1 was induced by UVB and EGF to a relatively low 
level (maximum 5-fold). the UYE-mediated JNKl activation per-
sisted even longer in tbe normal keratinocytes than in the HaCaT 
cells (Fig la,c) . T hese differences in JNKI activity are not to be 
attributed to d ilfe renc levels of the protein kinase expression ill the 
two ce ll s because these were found to be equal by westem blot 
3113lysis (data not shown) . 
Sublethal Doses ofUVB Irradiation Are Powerful Inducers 
of the JNK Signal Transduction Pathway To determine the 
effec tiveness of UVB in indu cing JNK activation, cultures of 
prim ary human keratinocytes and HaCaT cells were exposed to 
various doses of UVB. The cells were harves ted 30 nun after 
irradiation, and JNKl activ ity was measured in cell Iysa tes by au 
imJllunoprecipitation kin ase assay. As a positive control, we treated 
cells with anisomycill, a potent indu cer of]NK activity (Cano et nt, 
1994). UVB irradiation caused JNK1 activation ill a dose-depen-
dent manner, starting in 1-laCaT cells at 20 m] 1 cm2 and peakiJlg at 
40 mJ 1 Clll 2 (Fig 21/). A level of stilllulation close to that triggered by 
10 f.Lg anisomycin per 1111 was achieved with 40 mJ/cm 2 (Fig 2b), 
indicating that SlIblethal doses of UVB are powerful illducers of 
JNKl in HaCaT cells. Similar levels of ]NKl activation were 
induced ill the primary keratinocytes, although at sLightly higher 
UVB doses (60 mJ /cm 2 ) (Fig 2a). This suggests that nonlla] 
keratinocytes are somehow more resistant than the transfonned 
phenotype ill recruiting the UVB-induced ]NK cascade. The 
suble thal UYE dose of 40 mJ/cm 2 was used throughout the 
remaillderofthe study, as it triggered substantial stimulation o f 
JNKI in both cells. Higher doses (up to 80 m]/cm 2 ) of UVB 
irradiation did not result in any further ill crease in EIU<2 activity in 
either cell type (data not shown). 
EGF-Treated Cells Are Refractory to UVB-Induced JNKl 
Activation In view of the reports indicating that growth-pro-
moting signals and UVC share cytosoIic signaling elements (Devary 
et at, 1992; Radler-Poh! cI at, 1993; SachselUllaier e/ at, 1994; Coffer 
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Figure 2. UVB induces JNKl activity in a dose-dependent 1Il3nner. 
NHK (aJ and HaC aT (bJ cell s were exposed to the indicated doses of UVB 
or anisom ycin [AJ. for 30 min at 37°C, TheJNKl activity was m easured as 
described in Materials (1I1d Methods. 
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Figure 3. EGF pre-treatment reducesJNKl stimulation by UVB. Control HaCaT cells or cells pre-treated with either 100 ng EGF per ml or 40 mJ 
UVB per em' for 60 min were harvested or rcchallenged with either EGF. VVB. or anjsomycin (10 J.Lg per ml) for the inrucated times. CeLis were then 
harvested and lysates were analyzed for JNKl (paud a) or ERK2 (paue! b) activjty as described in Mafc,;als aud Met/lods. 100% kinase activity corresponds to 
the UVB-mediatcd activation of JNK1 in (a) and to the EGF-induced ERK2 activation i.n (II) as quantified by densitometric analysis. 
et ai, 1995), we examined the effect of cell pre-treatment with either 
EGF or UVB on the JNKl and ERK2 activation subsequently 
triggered by these agents. Figure 3a (Ialle 2) shows that UVB 
irradiation of the HaCaT cells produced a several-fold increase in 
JNK1 activity compared to sham-irradiated ceUs. A significant 
increase in JNKl activity was also observed in cells incubated with 
EGF (Fig 3a, lalle 3). In agreement with the results shown in Fig 
1, UVB irradiation produced poor activation of ER.K2, whereas 
EGF treatment consistently enhanced ER.K2 activity (Fig 3&, lalles 
2 and 3). Pre-treatment with EGF caused specific down-modulation 
of its signaUng pathway and did not allow for a second response to 
EGF as shown in Fig 3a,& for JNK1 and ERK2, respectively 
(compare lalles 3 and 5) . When the EGF-pre-treated cells were 
subsequently irradiated with UVB, a 60% decrease in JNK1 acti-
vation was observed (see Fig 3a, lall e 6), suggesting that the 
UVB-mediated JNK1 pathway uses some of the EGF-downmodu-
lated signaling components. The degree of tlllS inhibition varied 
between 54 and 65% in a series of three independent experiments. 
As expected, the anisomycin-induced JNK1 activation was not 
affected by the EGF pre-treatment (Fig 3a). Cell pre-treatment 
with UVB completely obliterated the second ERK2 response to the 
same stimulus and significantly reduced (by 64%) the EGF- induced 
ERK2 activation (Fig. 3b, compare lalles 2-8 and 3-9). On the 
other hand, where JNKl activation is concerned, the UVB-pre-
treated HaCaT cells were still highly responsive to a second 
challenge by either UVB or EGF (Fig. 3a, compare lalles 2-8 and 
3-9). 
Oxidative Stress Mediates the UVB- and EGF-Induced 
JNK.l Activation Because UVB is known to produce free 
radicals (Fuchs et ai , 1989) , we examined the effect of the antiox-
idan t NAC on UVB-inducedJNKl activation. Figure 4a illustrates 
tha t pre-treatment of cells with NAC signiftcantly reduced the 
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UVB-induced JNK1 activation. NAC treatment has been shown to 
suppress the UVB-induced c-jl/II and c-fos mRNA expressions in 
keratinocytes (Garrnyn and Degreef, 1997). Surprisingly, NAC 
substantially attenuated the EGF-mediated JNK1 activation as well 
(Fig 4a). The degree of JNKl inhibition caused by NAC pre-
treatment vari.ed between 58 and 78% (UVB) and between 32 and 
86% (EGF) in a series of three independent experiments . The effect 
of NAC was not the result of a nonspecific inlllbition of the EGFR 
tyrosine kinase activity because the ERK2 activation in response to 
EGF was not affected by this agent (Fig 4&). The NAC pre-
treatment did not inhibit the anisomycin-induced JNKl activity 
(Fig 4a) but efficiently prevented the JNK1 stimulation elicited by 
the potent oxidant H 2 0 2 (Fig 4a). TIllS strongly suggests that the 
observed effects of N AC are indeed mediated through its antioxi-
dant activity. 
DISCUSSION 
Over the past few years several studies have been devoted to the 
understanding of the biologic inlplications of exposure of mamma-
lian cells to UV irradiation. In the majority of these studies, 
low-pressure mercury gennicidal lamps that emit high en ergy UVC 
radiation with an optimal wavelength of 254 nm were used. In 
addition to triggering nuclear DNA damage, UVC has clearly been 
shown to modulate the plasma membrane-associated EGFR and to 
affect cytosolic signaUng pathways leading to the activation ofERKs 
and JNKs, with the subsequent induction of immediate early genes 
such as c-fos and c-jll/l. Although the results obtained are quite 
revealing for the field of cellular signal transduction in general, 
their direct relevance to human cancers caused by solar irradiation 
can be questioned because the solar UVC rays do not penetrate the 
earth's atmosphere. On the other hand, UVB radiation (280-320 
nm) has been recognized as the major causative factor of human 
b 
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Figure 4. Effect of NAC on the JNKl and ERK2 activation. (a) HaCaT cells were incubated for 45 min with or widlOut NAC (3 mM) and left 
unstimulated or stimulated with either UVB (40 mJ /cm' , 30 min). EGF (100 ng per mi. 15 min). anisomycin (10 J.Lg per ml , 30 min) or H, O, (200 J.LM. 30 
min). Cells were hatvested for analysis ofJNKl activity as described in Materials alld Meflwds. (b) HaCaT ceLis were treated with NAC and EGF as described 
in (a), and the ERK2 activity waS determined as described in Matelials alld Nrethods . 100% kinase activity corresponds to the VVB-mediated activation ofJNK1 
io (a) and to the EGF-induced ERK2 activation in (II) as quantified by densitometric analysis. 
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skin tumorigenesis, but very little is known about the molecular 
mechanism s underlyin g its cellular effects . It seemed indicated 
th erefore to investigate the signaling pathways indu ced by VVB in 
cell lines of human epidermal origin and to compare the results with 
the data already pnblished 011 UVC-mediated signals. 
Sublethal doses ofUVB led to a dramatic increase in the mRNA 
expression of th e immediate early genes c-jml and c -fos. Similar 
doses of UVB prodnced a remarkable and persistent activation 
of JNK1, but only a very moderate and transient activation of 
EIUG (Fig 1). The initial increase in the expression of c-Jun 
depends on the phosphorylation of pre-existing c-Jun molecules by 
JNKs, resulting in the enhanced transcription of AP-l-responsive 
genes, including C-jHIl itself. T herefore , our results strongly impli-
cate the JNK pathway in the transmission of the VVB stress 
responses. 
In agreement with the ohservations on UVC signaling in other 
human-derived cell lines (Radler-Pohl el ai, 1993; Sachsenmaier e/ 
ai, 1994), our data argue against a central role for ERKs in UVB 
signaling in human keratinocytes . NHK and HaCaT cells respond 
differently to UVB and/or EGF. NHK cells require higher doses of 
UVB for optimal JNKl activation than the transformed HaCaT 
cells (Fig 2). Conversely, NHK cells are more responsive to EGF, 
a known m itogen for . epithelial cells, which triggers substantially 
higher ElU{Z activation in normal keratinocytes than in the HaCaT 
cells (Fig 1). These results are likely to reA ect the diminished 
dependence of malignant cells on exogenous growth stimuli , 
possibly because autocrine growth control is a feature of the 
transformed phenotype. The persistent activation of the ]NK 
pathway in NHK cells (Fig 1c) may point to an impo rtant 
protective role of ]NKs in the UVB-induced stress response in 
primary keratinocytes. Our results differ from observations made in 
murin e cell lines (Dhanwada ct ai, 1995) , in which UVB did not 
cause major stimulation of the JNK activity. These discrepancies 
may be du e to the differen ce in sensitivity to UVB irradiation 
between cell lines, as also observed in the present report between 
H aCaT and NHK cell s or they may reAect differences in primary 
cell culture conditions and/or irradiation protocols. 
Earlier observations have suggested that the early events trig-
gered by UVC irradiation may involve membrane-associated 
growth fa ctor receptors (Sachsenmaier el ai, 1994; Coffer e/ ai , 
1995). The present report provides functional evidence implicating 
the EGFR in the UVB-induced signal transduction pathway leading 
to JNKI activation . As iLlustrated in Fig 3a. (Ialle 6), EGF-pre-
treated HaCaT cells beca me somewhat refractory to subsequent 
UVB signalin g to JNK1, and exposure of cells to UV irradiation 
attenuated the subsequent ERK2 activation by EGF (Fig 3/" lane 
9) . Our observation that the UVB-m ediated signaling to JNK1 is 
suramin-sensitive (not shown) again supports the view that tlus 
signal transduction encompasses the action of membrane-imbedded 
growth fa ctor receptors (Middaugh el aI, 1992). In te restingly, 
exposure to UVB irradiation sensitized the cells to subsequent 
UVB- or EGF-media ted superinduction of the JNK activity (Fig. 
3(1, lanes 8 and 9), which suggests that although UVB and EGF m ay 
usc comm on membrane components for their signaling to the 
JNKs, they elicit their signals in different ways . 
Our experiments witb NAC suggest the importance of reactive 
oxygen species for the VVB-induced activation of JNKl. UVB is 
known to induce tbe f0l111ation of free radicals in irradiated tissue, 
and it drastically decreases tbe amollnt of glutathione and other 
cellu.lar antioxidants in the cell (Fuchs el ai, 1989; Nishi el ai, 1991 ). 
NAC is readily taken up by cells and is rapidly converted to 
glutathione, whicb acts as a free radical scavenger. When cells 
were pre-treated with NAC, both the UVB- and EGF-illduced 
JNKI activation were attenuated substantially (Fig 4). Because the 
H 2 0 2 -mediated JNKl activation was also efficiently blocked by 
NAC, we conclude that the inhibitory effect of NAC is due to 
its antioxidant activity. Interestingly, cytokines such as . tumor 
necrosis filctor-a and interleukin-l, which stimulate the production 
of reactive oxygen species in several types of cells, are among the 
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most powerful activators of the JNK-signaling pathway (Lo et aI, 
1996). 
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